Bounded model checking has received recent attention as an efficient verification method. The basic idea behind this new method is to reduce the model checking problem to the propositional satisfiability decision problem or SAT. However, this method has rarely been applied to Petri nets, because the ordinary encoding would yield a large formula due to the concurrent and asynchronous nature of Petri nets. In this paper, we propose a new SAT-based verification method for safe Petri nets. This method can reduce verification time by representing the behavior by very succinct formulas. Through an experiment using a suite of Petri nets, we show the effectiveness of the proposed method.
Introduction
Model checking [5] is a powerful technique for verifying systems that are modeled as a finite state machine. The main challenge in model checking is to deal with the state space explosion problem, because the number of states can be very large for realistic designs. Recently bounded model checking has been receiving attention as a new solution to this problem [2, 6] . The main idea is to look for counterexamples (or witnesses) that are shorter than some fixed length k for a given property. If a counterexample can be found, then it is possible to conclude that the property does not hold in the system. The key behind this approach is to reduce the model checking problem to the propositional satisfiability problem. The formula to be checked is constructed by unwinding the transition relation of the system k times such that satisfying assignments represent counterexamples.
In the literature, it has been reported that this method can work efficiently, especially for the verification of digital circuits. An advantage of this method is that it works efficiently even when compact BDD representation cannot be obtained. It is also an advantage that the approach can exploit recent advances in decision procedures of satisfiability.
On the other hand, this method does not work well for asynchronous systems like Petri nets, because the encoding scheme into propositional formulas is not suited for such systems; it would require a large formula to represent the transition relation, thus resulting in large execution time and low scalability.
To address this issue, approaches that use other techniques than SAT decision procedures have been proposed in [8, 9] . These approaches allow bounded model checking of Petri nets by using answer set programming [9] and by using Boolean circuit satisfiability checking [8] .
In this paper, we tackle the same problem but in a different way; we propose a new verification method using ordinary SAT solvers. As in [8,9], we limit our discussions to verification of 1-bounded or safe Petri nets in this paper. The new method enhances the effectiveness of SAT-based verification in the following two ways.
-Our method uses a much succinct formula, compared to the existing method.
This shortens the execution time of a SAT procedure. -Our method allows the formula to represent counterexamples of length greater than k while guaranteeing to detect counterexamples of length k or less. This enlarges the state space that can be explored.
To demonstrate the effectiveness of the approach, we show the results of applying it to a suite of Petri nets. The remainder of the paper is organized as follows. Section 2 describes the basic definition of Petri nets and how to represent them symbolically. Section 3 explains our proposed method for reachability checking. Section 4 discusses liveness checking. In Section 5 a pre-processing procedure is proposed. Experimental results are presented in Section 6. Section 7 concludes the paper with a summary and directions for future work.
Preliminaries

Petri Nets
A Petri net is a 4-tuple (P, T , F, M 0 ) where
is a set of arcs, and M 0 is the initial state (marking). The set of input places and the set of output places of t are denoted by
• t and t • , respectively.
We define a relation t → over states as follows: S t → S iff some t ∈ T is enabled at S and S is the next state resulted in by its firing. Also we define a computation as a sequence of states S 0 S 1 · · · S l such that for any 0 ≤ i < l either (i) S i t → S i+1 for some t, or (ii) S i = S i+1 and no t is enabled at S i . S i is reachable from S 0 in i steps iff there is a computation S 0 S 1 · · · S i . We define the length of a computation S 0 S 1 · · · S i as i.
A Petri net is said to be 1-bounded or safe if the number of tokens in each place does not exceed one for any state reachable from the initial state. Note that no source transition (a transition without any input place) exists if a Petri net is safe. For example, the Petri net shown in Figure 1 is safe. Figure 2 shows the reachability graph of this Petri net. In this graph, each state is represented by the places marked with a token.
